In this paper, the performance of indium-tin-oxide (ITO) free microcavity polymer solar cells based on the thieno [3,4-b]thiophene/benzodithiophene:[6,6]-phenyl C 71 -butyric acid methyl ester (PTB7:PC 71 BM) blend and transparent Ag electrode is systematically investigated by optical simulation. Here, the device has a structure of glass/opaque Ag/FPI-PEIE/PTB7:PC 71 BM/MoO 3 /ultrathin Ag/TeO 2 , where the fulleropyrrolidine ethoxylated polyethylenimine (FPI-PEIE) and MoO 3 act as charge transport layers and optical spacers, and the TeO 2 serves as a transmittance enhancement layer. Compared to ITObased devices, the microcavity device shows an obviously increased optical electric field intensity for the incident light wavelength from 600 to 750 nm, which agrees well with the better light absorption and lower reflectivity at relatively long wavelength. Further, enhanced performance is obtained from an optimizing top-illuminated device. It is noted that a remarkably enhanced short-circuit current density of 19.50 mA/cm 2 is achieved for the microcavity device at optimized layer thicknesses, which is 11% higher than that of ITO-based devices. The improved performance of the microcavity device could be attributed to optically confined and reinforced incident light between two Ag reflective electrodes induced by the coherent interference, which boosts the light harvesting in the active layer, especially the long-wavelength incident photons. The results could provide a promising optical design for low-bandgap polymer solar cells.
Introduction
Harvesting energy directly from sunlight by using photovoltaic devices has been considered as one of the most efficient ways to address the rapid increase of global energy consumption and environmental issues. Polymer solar cells (PSCs) have been a promising technology for producing clean and renewable electric energy with the advantages of mechanical flexibility and solution processibility at low-temperature [1] , [2] . Nowadays, PSCs have shown the potential to be commercially used as flexible, light, and low-cost power source for energy production if their performance can be further improved [3] - [5] . The main challenges of PSCs lie on the rather short exciton diffusion length and low carrier mobility of organic semiconductors, which limits the active layer thickness for efficient light absorption. Over the past decade, various strategies have been adopted to overcome the limitation, including the controlled growth of organic materials, bulk heterojunction (BHJ) devices with an interpenetrating donor-acceptor network, the reflective metal layers, tuned grain alignment and charge transport of buffer layer, and other methods to maximize the absorption and short circuit current density (J SC ) of devices [6] - [15] .
It is noteworthy that, with the active layer thickness for thin-film PSCs approaching the wavelength of the visible spectrum, the distribution of optical electric field in the active layer is strongly affected by the optical interference between transmitted and reflected waves at each interface inside the device, which could be tuned to enhance the light absorption and charge generation within the photoactive layer [16] - [18] . Based on this mechanism, the photonic crystals [19] , metal nanomaterials and nanostructures [20] - [24] , and resonant cavities [25] - [28] have already been used to enhance the light harvesting and improve the power conversion efficiency (PCE) of PSCs. Among these approaches, microcavity-enhanced PSCs refer to the devices with a microcavity structure, in which organic layers are sandwiched between optically thick metal layer and ultrathin metal film, and the incident light will be optically confined and reinforced between two reflective electrodes due to coherent interfere [13] , [29] , [30] . This will result in enhanced optical electric field intensity inside the cavity and light absorption in the active layer. Hence, it is possible to employ a relatively thin absorption layer to increase the internal quantum efficiency of devices without at the cost of the absorption efficiency. To develop highly efficient microcavity enhanced PSCs, the choice of electrodes and the design of microcavity interlayer are of great importance and should be further investigated.
In most PSCs, indium-tin-oxide (ITO) is the most commonly used transparent electrode, due to the high transparency (∼82% in the visible spectrum) and relatively low resistivity of 10-20 /square [31] . However, to be an electrode in the microcavity PSCs, the high transparency of ITO limits its potential as a resonant cavity because a large fraction of unabsorbed photons will escape from the device. Simultaneously, due to the poor mechanical ductility, high sheet resistance, the increasing cost of indium, and the necessary thermal treatment which is unsuitable for flexible substrates [32] , significant research efforts have been directed to replace the ITO electrode in optoelectronic devices, and the potential alternatives transparent conductors include metal films, high conductivity polymers, patterned metal grids, graphene and carbon nanotubes, and so on [32] - [34] . Among them, metal thin films possess the intrinsic flexibility, high conductivity, and mature thermal evaporation process, which are more suitable for application in PSCs roll-to-roll production with the flexible substrates. Most importantly, the superior reflective transparent properties of metal films in place of ITO ensure that a stronger microcavity can be formed to create more effective optical confinement within the active layer [35] . In recent reports, several groups have shown promising results for ultrathin metal film (UTMF) electrodes [36] - [39] . Thus, the UTMF-derived microcavity structure not only can provide enhanced light-trapping for thin-film PSCs but can result in a stable, ITO-free, efficient, and flexible device architectures as well.
On the other hand, the interlayer in microcavity structure is especially important to obtain an optimized device performance, because it can act as a seeding layer for metal film growth, the capping layer to improve optical properties, an optical spacer to redistribute the optical electric filed, and the electron (or hole) transport layer to align the interfacial energy levels [40] . As we know, the conductivity and optical properties of metal films depend strongly on the quality of the films such as grain size, film continuity, and roughness, which is governed by the growth kinetics and nucleation of metal on a particular substrate. It has been proved that conductivity and optical qualities of UTMFs can be improved remarkably by applying proper seeding layer (such as TeO 2 , MoO 3 ) to modify the surface energy of glass substrates [40] . Combining the roles of charge transport and optical spacer, the investigation of interlayer in the microcavity structure is related to the optical engineering, electrode engineering, and interface engineering of PSCs. In order to optimize the device performance further, a systematically study of UTMF-derived microcavity PSCs from optical aspect is urgently desired.
In this work, we study the microcavity structure devices containing the low-bandgap photoactive material of thieno [3,4-b] thiophene/benzodithiophene: [6, 6 ]-phenyl C 71 -butyric acid methyl ester (PTB7:PC 71 BM), the ultrathin Ag electrode, and the multifunctional microcavity interlayer (MoO 3 , FPI-PEIE, TeO 2 ) through the optical simulations based on the transfer matrix method. With the good agreement between the optical electrical field distributions and light absorption (or exciton generation) in the active layer, the fine-tuned microcavity configuration has been achieved to greatly enhance light absorption in the active layer. The results show that, significantly increased short circuit current density (J SC ) was obtained in ultrathin Ag-based device (18.62 mA/cm 2 ) compared to that obtained from the ITO counterpart (17.56 mA/cm 2 ). Furthermore, we carry out the similar calculation on a better performing top-illuminated microcavity device (J SC of 19.50 mA/cm 2 ) compared with the bottom-illuminated one. Additionally, we learn that the optical spacers (MoO 3 , FPI-PEIE) can be used to tune the spatial distribution of optical electric field in the active layer by optimizing their thickness and positions in the device. In addition, the TeO 2 capping layer could increase the optical transparency of the ultrathin Ag electrode and the J SC of devices. In short, the microcavity structure composing dielectric/ultrathin Ag/dielectric and thick Ag electrodes could be used to obviously enhance the optical absorption in PSCs, and it is a promising structure to fabricated highly efficient ITO-free PSCs and flexible devices.
Method
To develop efficient microcavity based PSCs and understand the optical mechanism of photovoltaic conversion in a microcavity structure, the widely used transfer matrix method [41] , [42] is employed to calculate the optical electric field distribution, the maximum possible J SC , the exciton generation rate, and the light absorption spectrum in microcavity based PSCs. In the optical simulations, the layer thickness and optical constants are used as input parameters of the optical model. Here, the optical constants of materials are obtained from references [43] , [44] , the calculation details and optical interference theory could be found in our previous works and other reports [45] - [47] .
In this work, the optical performance of PSCs with three geometry structures of conventional, bottom and top illuminated microcavity structures is systematically investigated. Meanwhile, to provide a more feasible guideline for device fabrication, the commonly used materials are employed in these microcavity devices. In detail, the low bandgap PTB7:PC 71 BM is chosen as an active layer, the fulleropyrrolidine ethoxylated polyethyleneimine (FPI-PEIE) acts as an electron transport layer (ETL), the molybdenum oxide (MoO 3 ) plays the role of hole transport layer (HTL) and the high dielectric tellurium oxide (TeO 2 ) is selected as the capping layer to enhance the electrode transmittance or as a seeding layer to improve the growth of ultrathin Ag film. In particular, in the microcavity structures, the ultra thin Ag film is chosen as the light incident electrode, and the opaque Ag film acts as another reflective electrode, which is due to the high optical transparency, the low resistivity, and notable flexibility of Ag film. As shown in Fig. 1 , the conventional Device A, as well as the reference device, adopts the structure of Glass/ITO/FPI-PEIE/PTB7:PC 71 BM/MoO 3 /Ag. While the bottom and top illuminated microcavity Devices B and C show the geometry structures of Glass/TeO 2 /Ag(ultra-thin)/FPI-PEIE/PTB7:PC 71 BM/MoO 3 / Ag(opaque) and Glass / Ag(opaque) / FPI-PEIE / PTB7:PC 71 BM/MoO 3 /Ag(ultra-thin)/TeO 2 , respectively. The optimization of device performance including Ag film electrode, microcavity interlayer, as well as optical spacer are carried out for PSCs based on above three structures.
Results and Discussion

Comparison of Microcavity Device and ITO-Based Device
The maximum possible J SC of Devices A and B varies with the thickness of PTB7:PC 71 BM is shown in Fig. 2 . It is clear that the J SC of both two devices has the oscillation trend of rise first and then fall. These two devices obtain the best performance when the active layer thickness is between 85 nm and 90 nm, while the J SC of the microcavity-based Device B is significantly higher than that of the reference Device A between 75 nm and 105 nm. The reasons will be explored in detail from several aspects presented below: light absorption, exciton generation rate, and optical electric field distribution within the active layer. Meanwhile, the decreased J SC in region <75 nm and >105 nm of Device B can be attributed to the condition of constructive interference are not met at these thicknesses. It should be noted that although the thicker active layer could absorb more photons, the relatively higher sheet resistance (and lower FF) would generally compromise the improved J SC and even degrade the PCE of the practical devices; thus, the relatively thin active layer about 100 nm is mainly discussed in this paper. Fig. 3(a) shows the simulated absorption spectra as a function of wavelength for the reference Device A and microcavity-based Device B. It can be observed that Device B has a stronger light absorbance than that of Device A at the long wavelength λ range from 500 to 800 nm; while the slightly reduced absorption for λ < 500 nm, which may be caused by the noncoherent interference of the out-of-phase wavelengths at this PTB7:PC 71 BM thickness. The exciton generation rate within active layers in Devices A and B are presented in Figs. 3(c) and (d) , respectively. Fig. 3(b) shows the improved exciton generation rate of Device B compared to Device A, which corresponds to the improved J SC of 1.06 mA/cm 2 from 17.56 to 18.62 mA/cm 2 . As a result, not only the larger exciton generation wavelength range in the active layer but also an obvious increase in the same position can be observed between 500 and 750 nm for Device B than that of Device A, which results in the improved light harvesting and the more efficient photovoltaic conversion, and the optimized thicknesses of sandwich structures for Devices A and B are Glass/ITO(180 nm)/FPI-PEIE(6 nm)/PTB7:PC 71 BM(88 nm)/MoO 3 (6 nm)/Ag(100 nm) and Glass/TeO 2 (36 nm)/Ag(13 nm)/FPI-PEIE(6 nm)/PTB7:PC 71 BM(88 nm)/MoO 3 (6 nm)/Ag(100 nm). To further understand the optical performance of Devices A and B, the optical electric field distribution is simulated from two aspects of non-zero and zero extinction coefficient (k ࣔ 0 and k = 0) for the active layer. First, considering the situation of k ࣔ 0, the optical electric filed distributions of Devices A and B are shown in Figs. 4(a) and (b) . The higher intensity of optical electric field is observed in the PTB7:PC 71 BM region, namely most of the incident optical energy is concentrated in the active layer, which increases the possibility of photovoltaic conversion for both devices. Meanwhile, it can be seen that the wavelength dependent high optical electric intensity region ranges from 400 to 750 nm, and the optical energy beyond 750 nm cannot be absorbed efficiently by the PTB7:PC 71 BM, which is in line with the results of simulated absorption spectra and experimental report [4] . Second, besides the effect of polymer materials, a better understanding of light absorption in microcavity based device is expected. Thus, the case of k = 0 for active layer is introduced to investigate the optical electric field distribution just in a specific microcavity structure. By assuming that PTB7:PC 71 BM has no absorption (k = 0), the calculated optical electric field distribution is shown in Fig. 4(c) and (d) . Compared to Device A, Device B has an apparently enhanced electric field intensity from 450 to 750 nm, especially in the absorption band edge region from 600 to 750 nm, and the more concentrated optical energy could indirectly explain the better light absorption and larger J SC in Device B. Simultaneously, for one device structure, the difference of electric field intensity in the cases of k = 0 and k ࣔ 0 results from the light absorption in devices. The greater the difference, the higher light absorption in the active layer. One can clearly see that Figs. 4(b) and (d) have a larger difference in PTB7:PC 71 BM region than that of Fig. 4(a) and (c), which confirms an enhanced absorption within the active layer in the microcavity structure. As mentioned above, a more obvious enhancement of optical electric field intensity in the long wavelength region from 600 to 750 nm is observed in the microcavity structure. For a clearer view, the optical electric field distribution in PTB7:PC 71 BM at a certain wavelength (700 nm) has been plotted in Fig. 5 , and an obviously improved intensity (maximum of 3.3) is observed in the active layer of microcavity-based Device B compared to that of ITO-based structure. Thus, the enhancement of optical energy in the active layer is the reason for the higher J SC gained in Device B (Fig. 2) . Therefore, due to the obvious improvement of light absorption, exciton generation, and J SC for Device B, one can draw the conclusion that the optical microcavity is the more effective structure in enhancing the light absorption and improving the photovoltaic conversion of PSCs. In addition, an optimized microcavity structure may be used to further improve the device performance.
Top-Illuminated Microcavity Structure
Furthermore, we have studied the performance of top-illuminated microcavity structure (Device C), which has a reverse light incident direction compared to the bottom-illuminated Device B. Fig. 6 shows the maximum possible J SC as a function of the active layer thickness for Devices B and C. It is clear that the J SC of Devices B and C increase with the active layer thickness and an obvious oscillation trend is also observed. For Device C, a maximum J SC of 19.50 mA/cm 2 is obtained at the active layer thickness between 85 and 90 nm, which is 0.88 mA/cm 2 higher than that of Device B, and 1.94 mA/cm 2 higher than that of Device A. Remarkably, the J SC of top-illuminated Device C is higher than that of bottom-illuminated Device B at all investigated thicknesses, which is more notable at the situation of thicker PTB7:PC 71 BM. For a better understanding of the different performance between Devices B and C, we choose the same active layer thickness as 88 nm (the same as the front work) to analyze the top-illuminated microcavity-based Device C in the following discussion. Fig. 7(a) shows the simulated absorption spectra of Devices B and C. It can be clearly observed that the top-illuminated microcavity Device C has a more efficient light absorption than Device B in the wavelength region from 450 to 750 nm, except for the short wavelength below 400 nm. From Fig. 7(b) , the exciton generation rate within PTB7:PC 71 BM of Device C shows that the main light absorption or exciton generation wavelength locates in the region from 400 to 750 nm with a maximum related wavelength about 700 nm. Obviously, it can be seen from Fig. 7(c) that Device C shows the higher exciton generation efficiency at all wavelengths in the main absorption region than that of Device B (see Fig. 3(d) ), especially in the regions of 400-500 nm and 600-750 nm. In addition, Fig. 7(d) shows the exciton generation rate distribution in PTB7:PC 71 BM by calculating the sum of total incident light from 350 to 900 nm, and an overall enhanced exciton generation is obtained in Device C compared to that of Device B. Therefore, the increased exciton generation rate suggests the enhanced light absorption in the active layer, improved J SC , and more efficient photovoltaic conversion.
Effects of Optical Spacer
In this section, the effects of the optical spacers on the performance of top-illuminated Device C are investigated in two parts: optical spacers for redistributing the optical electric field and capping layer for modulating the electrode transmittance. For five different devices (Devices C1-C5) illustrated in Table 1 , the ETL of PEIE and HTL of MoO 3 act as the optical spacers in the microcavity structures, and the TeO 2 upon ultrathin Ag electrode plays the role of capping layer. The layer thicknesses are chosen according to the optimized Device C in the previous result, and the detailed discussion is carried out as follows. Fig. 8 shows the optical electric field distributions of Devices C1-C4. In Fig. 8(a) , the optical electric field distribution of Device C is presented by assuming the case of k = 0, and the maximum electric field intensity is obtained at around 730 nm, which is chosen to calculate the optical electric field and study the optical spacer effect of Devices C1-C4. Only considering the optical performance, it can be seen in Fig. 8(b) that the introducing of ETL shifts the interference maximum of optical electric field into the active layer and the area under the curves is also increased, which suggests the more concentrated optical energy and more efficient light absorption in the active layer. When it comes to Device C3 in Fig. 8(c) , the inserting of HTL increases the area under the curve and the maximum electric field intensity, while the position of interference maximum remains unchanged. Meanwhile, Fig. 8(d) shows the difference of Device C1 and C4, and it is obvious that the device with optical spacers performs better than the device without an optical spacer. What is more, it is noted that the optical spacer between PTB7:PC 71 BM and reflective opaque Ag shows a more obvious influence on the optical electric field distribution, not only the position but the value of interference maximum. While the spacer located between PTB7:PC 71 BM and ultrathin Ag could slightly induce the increased intensity rather than the redistribution of optical electric field, which may be attributed to the relatively weak reflection at the ultrathin Ag surface. In addition, considering the requirement of carriers transport and optical transmission, the low-conducting ETL and HTL (or the optical spacer) should be thin as soon as possible; thus, the effect of thicker optical spacer is not discussed here. In short, the suitable optical spacers can be demonstrated to modify the spatial distribution of optical electric field and improve the performance of microcavity-based devices. Fig. 9 shows the calculated results of optical transmission and J SC for the top-illuminated microcavity devices with (Device C1) and without a TeO 2 capping layer (Device C5). It is known that this capping layer locates outside of the microcavity structure and has no significant influence on the optical electric field distribution in the active layer. Here, the TeO 2 capping layer is introduced to modify the optical transmission of ultrathin Ag electrode, which is thought to be an important factor for top-illuminated microcavity based devices. As shown in Fig. 9(a) , the Device C5 without a capping layer exhibits a rapidly decreased optical transmission from 350 to 900 nm, while the greatly improved transmission in the visible light region is obtained from the Device C1 with a 36 nm-thick TeO 2 layer, a situation expected in the highly efficient devices. This is due to the fact that a higher dielectric layer (ε TeO2 = 25) can suppress a large optical dissipation related to the emission of non-radiative surface plasmons at the interface of dielectric layer and Ag film (ε = 9.7), thus increases the optical transparency of ultrathin Ag electrode [40] . Simultaneously, the calculated absorption and reflection spectra are also inserted in Fig. 9(a) . It could be seen that the absorption percentage of this Ag film is lower than 10% in the range from 350 to 900 nm. And in the efficient exciton generated region from 450 to 700 nm, the calculated reflection percentage of Ag firm is lower than 20%, which demonstrates that this semi-transparent Ag film could well act as the light incident electrodes in our devices. Further, Fig. 9(b) presents the maximum possible J SC as a function of the active layer thickness, and obviously, Device C1 with a TeO 2 capping layer shows an apparent improvement on J SC compared to that of Device C5, which can be attributed to the higher transmittance through UTMF and improved light absorption in the active layer. In addition, it should be noted that the properties of Ag electrodes and buffer layers could be tuned by various processes during device fabrications, which is beneficial to improve the performance of microcavity based device, and we would like to fabricate corresponding devices to further investigate the microcavity enhanced polymer solar cells in the future work.
Conclusion
In this work, PSCs utilizing the microcavity structure containing an efficient PTB7:PC 71 BM active layer, ultrathin and thick Ag film electrodes, and microcavity interlayer have obtained obviously improved performance compared to ITO-based reference devices. In detail, significantly increased J SC is obtained in ultrathin Ag based microcavity device (J SC of 18.62 mA/cm 2 ) compared to that of ITO counterpart (J SC of 17.56 mA/cm 2 ). In addition, the further improved J SC is achieved from the top-illuminated microcavity Device C (J SC of 19.50 mA/cm 2 ). Additionally, we learn that the optical spacers can be used to tune the spatial distribution of optical electric field in the microcavity devices, and the TeO 2 capping layer could increase the optical transparency of ultrathin Ag electrode and J SC of devices. The improved performance of microcavity device could be attributed to optically confined and reinforced incident light between two Ag reflective electrodes induced by the coherent interference, which boosts the light harvesting in the active layer especially for the long-wavelength incident photons. The results could provide a promising optical design for ITO-free low-bandgap PSCs.
